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A non-linear mechanical model with a linear spring, a linear dashpot and a non-linear
dashpot is used for studying the non-linear viscoelastic behaviour of a multi-layered inhomo-
geneous beam with a delamination crack. The beam with a circular cross-section is under
a torsion moment that increases at a constant speed. The non-linear stress-strain-time consti-
tutive law of the model is obtained by adding the non-linear shear strain to the strain in the
linear spring and linear dashpot. Solutions of the time-dependent strain energy release rate are
derived, which take into account the non-linear viscoelastic behaviour of the beam and the
torsion moment rate.
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1. INTRODUCTION

An efficient alternative to homogeneous materials and structures is the use
of continuously inhomogeneous (functionally graded) materials whose proper-
ties change in one or more directions [1, 2]. Although the continuously inho-
mogeneous materials were first applied mainly for thermal protection of space
structures, the area of their applicability has quickly expanded due to their su-
perior properties [3-7]. These materials are widely used in various important
applications in areas such as aeronautics, nuclear reactors, robotics, mechanical
engineering, electronics and biomedicine.

Multi-layered inhomogeneous materials and structural members made of la-
yers of different materials are very useful in lightweight structural applications
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due to their high strength-to-weight and stiffness-to-weight ratios [8, 9]. Howe-
ver, since the multi-layered structures have relatively low transversal strength in
tension, they are prone to the separation of layers or delamination. Delamination
cracks between layers decrease the strength and stiffness of the multi-layered
structures. Delamination also reduces the load-bearing ability of structures and
affects their reliability and durability. Therefore, delamination analyses of multi-
layered structural members pose a problem with a wide practical application.

This paper aims to develop a time-dependent delamination analysis of a mul-
ti-layered inhomogeneous beam member with non-linear viscoelastic behaviour.
The cross-section of the beam is a circle. The beam is made of concentric lon-
gitudinal layers and subjected to a torsion moment at a constant speed. This
paper, to some extent, is a continuation of previous publications such as [10, 11].
However, in [10, 11], linear viscoelastic mechanical models representing combina-~
tions of linear springs and linear dashpots are applied to describe the viscoelas-
tic behaviour of inhomogeneous beam structures when analysing delamination.
In other words, the time-dependent solutions derived in [10, 11] are linear. In
reality, however, the mechanical behaviour of viscoelastic materials is usually
non-linear, which indicates that the well-known linear viscoelastic models have
to be replaced by non-linear ones. Therefore, the most important novelty of this
study is that a non-linear viscoelastic mechanical model consisting of a linear
dashpot, a linear spring and a non-linear dashpot is used to treat the time-
dependent behaviour of the multi-layered inhomogeneous beam. The non-linear
constitutive law of the model is derived and then applied to obtain the solution
of the strain energy release rate for delamination.

2. DELAMINATED MULTI-LAYERED NON-LINEAR VISCOELASTIC
BEAM UNDER TORSION

Consider the non-linear viscoelastic mechanical model shown schematically
in Fig. 1. The model consists of a linear spring with the shear modulus G;,
mounted in parallel to a linear dashpot with the coefficient of viscosity 7;. A non-
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F1G. 1. Mechanical model for the non-linear viscoelastic type of deformation.
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linear dashpot INL; is added to simulate the non-linear viscoelastic behaviour,
as shown in Fig. 1. The model is under shear stress 7;. The variation of 7; with
time t is expressed as:

(21) T, — ’Uﬂ‘t,

where v,; is the speed.

The model’s linear spring and linear dashpot are used for studying the linear
viscoelastic shear strain vgr;. Thus, the shear strain «; in the model is written
as:

(2.2) Yi = YELi + YNLi,

where yn; is the non-linear viscoelastic shear strain in the non-linear dashpot.
The variation of ygr; with time is [12]

T T;
2.3 it:—’i(”\"t—1> —,
(2.3) YeLi(t) G + G
where

i
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2.5 o= 2
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The shear stress 71, in the non-linear dashpot, is expressed by using the
following non-linear relationship [13]:

(2.6) TNLi = Qi [1 - (1 - ;YNLZ)W}

Bi

where «;, B;, and m; are material properties, and xr; is the speed of the non-
linear shear strain.
Figure 1 indicates that

(27) TNLi = Ti-

By using Eqgs. (2.6) and (2.7), one obtains

(2.8) INLi = Bi [1 - (1 - OT;Z) Til] :

By integrating Eq. (2.8), one derives
<1 B n) Y - 1] |
o
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(2.9) YNLi = Bit + —
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where
a;Bim;
2.10 5; =
( ) 3 1 + mi 9
1
(2.11) b= L
mi

By combining Egs. (2.2), (2.3), and (2.9), one obtains

Ti 0it
Bt =

T it
2.12 = ( it 1)
(2.12) Vi wile +Gi o

t

(=)

In fact, relationship (2.12) represents the non-linear constitutive law of the model
shown in Fig. 1. This constitutive law is applied to study the non-linear viscoelas-
tic behaviour of the multi-layered beam member shown in Fig. 2.

F1a. 2. The multi-layered non-linear viscoelastic beam with a delamination crack under torsion.

The beam under consideration has a circular cross-section of radius Ry. The
beam consists of an arbitrary number of concentric longitudinal layers, as shown
in Fig. 2. Actually, Eq. (2.12) is the constitutive law for the i-th layer of the
beam. The layers have different thicknesses and material properties. The beam is
clamped at its right-hand end. The torsion moment T, applied at the beam free
end, varies with time according to the following dependence:

(2.13) T = ot,

where v is the speed.

The length of the beam is denoted by [. A delamination crack of length a is
located in the beam, as shown in Fig. 2. The delamination is a circular cylindrical
surface of the radius Ryj. Therefore, the inner crack arm has a circular cross-
section with the radius Ry;. The cross-section of the outer crack arm is a ring
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with internal and external radiuses Ry and Ry, respectively. The inner crack
arm is free of stresses. The beam layers are continuously inhomogeneous in
the longitudinal direction. Therefore, the material properties involved in the
constitutive law (2.12) vary continuously along the beam length. The variation
of material properties in the i-th layer is presented as:

Qpyi — Olkng )
(214) Oéi e Qkpi + Wx(ﬁal’
Bopi — Bk
(215) /BZ = /kal + pllgoﬁl pl ¢Bz
Mppi — Mkp; )
(2.16) mi = Mpgpi + 7”}% P g fmi
Nopi — Mkpi ¢,
(2.17) R e A
Gy — G
(2.18) G = Grpi + 7’”[ oo e,
where
(2.19) 0<z<l,
(2.20) i=1,2,...n.

In Egs. (2.14)—(2.20), n is the number of beam layers, = is the longitudinal
centroidal axis of the beam, api, Brpi, Mipi, Mkpi, and Giy; are the values of a,
Bi, mi, n;, and G; at the free end of the beam, respectively. The values of «;, 53;,
m;, 1;, and G; at the clamped end of the beam are denoted by i, Bupis Mipi,
Mopis and Gy, respectively. The parameters ¢ai, ¢gis Gmi, ¢ni, and ¢g; control
the material inhomogeneity along the length of the layer.

The purpose of the present analysis is to derive a solution of the strain
energy release rate G for the delamination in the beam in Fig. 2, which takes
into account the non-linear viscoelastic behaviour. The strain energy release rate
is obtained as:

dU*
2.21 G=——,
(2.21) JA
where U* is the complementary strain energy in the beam, and dA is an ele-
mentary increase of the delamination crack area. Formula (2.21) is re-written as:

dU*

2.22 = —
( ) 27TRH da’
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since
(2.23) dA =27 Ry da,

where da is an elementary increase of the delamination crack length.
The complementary strain energy is written as:

(2.24) Ut = U + UL,

where U} and U, are complementary strain energies in the outer crack arm
and in the un-cracked beam portion a < x <[, respectively.

The quantity U} is obtained by integrating the complementary strain energy
density in the volume of the outer crack arm as follows:

. R;
i=n1 a i+1

(2.25) Uk = Z/ / ug2rRAR dz,
=10 r

i

where n; is the number of layers in the outer crack arm, R; and R;;; are the
internal and external radiuses of the i-th concentric layer, u(, is the complemen-
tary strain energy density in the layer, and R is a running radius.

Since strain is expressed as a non-linear function of stress (refer to the con-
stitutive law (2.12)), the complementary strain energy density is written as:

Ti

(2.26) ugl = /7@'(%‘) dTZ’.

0

By combining Egs. (2.12) and (2.26), one derives

. T2 (o 72 ;0;t 7\ 2
(227) wpy =L (N 1) 4 T it — ot + 1 (1= .

2t 2G; 27; 673

Due to the non-linear character of the constitutive law (2.12), the stress
cannot be determined explicitly from Eq. (2.12). Therefore, the expression of
the complementary strain energy (2.25) is re-written as:

. Tgri
i=nq a Tgri

(2.28) Ur = Z//uai%erRdx,

=0

where 74; and 74.; are the shear stresses at the internal and external surfaces of
the i-th layer of the beam.
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The quantities R and dR in Eq. (2.28) are expressed as functions of 7; in
the following way. First, the distribution of the shear strains in the cross-section
of the outer crack arm is found as:

V¢
2.29 = =R
(2.29) 1=l
where
(2.30) R < R < Ry

In Eq. (2.29), 7¢ is the shear stress at the surface of the beam. Distribution
(2.29) follows from the fact that the validity of the Bernoulli’s hypothesis for
plane sections is assumed here since beams of high length-to-diameter ratio are
under consideration. By using Eq. (2.29), one obtains

(2.31) R= LR
%

By combining Egs. (2.12) and (2.31), one derives

R[ Ti M\t Ti 5it
2.32 R=—+<¢—u w1 — t+ —
(2.32) Ag{t'u<e )+Gi+ﬂi+n

From Eq. (2.32), one obtains

A |t

1 . »; 1 . Pi—1 1
+5,~t{—2 [(1—T> —1] — = (1—T> }}dn.
Ti (67 T; (67 (673

The shear stresses at the internal and external surfaces of the beam layers, which
are involved in Eq. (2.25), are found by using the following equations:

(2.33) dR= Rl{lm (e—m B 1) N 1

Vi
Ye Tdli ( it > Tdli it Tdli
9.34)  Lp =T (et _q) LT gy 1 —1],
( ) RI ' tﬂz € Gz 6Z Tdli (67

P;
¢ _ Tgri ( it ) Tgri 0it Tgri
2.35) —R;+1 = i — 1)+ =4+ 5t + 1-— -1,
( ) R] i+l t AN GZ ﬁl Tgri (673

where i = 1,2,...,n4.
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It should be mentioned that Eqgs. (2.34) and (2.35) are obtained by combining
Egs. (2.12) and (2.29). One additional equation is written by considering the
equilibrium of the elementary forces in the outer crack arm:

Tgri

(2.36) T = / m2nR*dR,

where R and dR are found by Egs. (2.32) and (2.33). There are 2n; + 1 un-
knowns, T4ii, Tgri, and ¢, where ¢ = 1,2,...,n1 in (2.34)-(2.36). The MatLab
computer program is used to solve Egs. (2.34)—(2.36) with respect to 74, Tgri,
and ¢ at various values of time.

Equation (2.28) is also used to determine the complementary strain energy
in the un-cracked beam portion. For this purpose, n1 and ug; are replaced with n
and ug,,.; where u(),,.; is the complementary strain energy density in the i-th layer
of the un-cracked portion of the beam. Also, n; is replaced with n in Eqs. (2.34)
and (2.36).

By combining Eqgs. (2.22), (2.24), and (2.28), one derives

1 i=n1 Tgri i=n Tgri
2.37 G = o OnRAR — o IOnRAR
( ) 27TRH ; /u[)um ™ ; / Uguni«T ’
Tdli Tdli

where the complementary strain energy densities are obtained at x = a. Integra-
tion in (2.37) is performed by the MatLab computer program. Formula (2.37)
is applied to calculate the strain energy release rate at various time values.

The strain energy release rate is also derived by analysing the balance of the
energy. For this purpose, the following equation is used:

ou
(2.38) Tép = ——da+ Gl.pda,

da
where ¢ is the angle of twist of the free end of the outer crack arm, U is the
strain energy in the beam, I.; is the length of the crack front, and da is a small
increase of the crack length. The quantity [.; is written as:

(2.39) lef = 27 Ry

By using Eqgs. (2.38) and (2.39), one obtains

(2.40) G (T(% - 8U>.

21 Oda Oa
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The strain energy is found by Egs. (2.24) and (2.28). For this purpose, the
complementary strain energy density is replaced with the strain energy density
ug;, which is written as:

(2.41) Uo; = TiYi — Ugys

where ~; and ufj; are expressed by (2.12) and (2.27), respectively.
The integrals of Maxwell-Mohr find the angle of twist involved in Eq. (2.40):

(2.42) ¢ = /%d +/ 2 dg,

where ¢ is the shear strain at the surface of the un-cracked portion of the beam.
By combining Eqgs. (2.24), (2.28), (2.40), and (2.42), one derives

1 i=n1 Tgr
24 = T 2rRd uni2TRAR| .
(2.43) G onEy <R1 R2> Z /uo TR R—i—Z /uo TRAR

lez lez

The quantities involved in Eq. (2.43) are obtained at x = a. The integration is
carried-out by the MatLab computer program. Calculations of the strain energy
release rate are performed at various time values. The strain energy release rates
found by Eq. (2.43) are exact matches of the ones obtained by using Eq. (2.37),
which confirms the correctness of the solutions.

It should be specified that the strain energy release rate derived here is time-
dependent since the material has viscoelastic behaviour and the beam is under
time-dependent torsion moment.

3. NUMERICAL RESULTS

The numerical results presented here are obtained using the strain energy
release rate solution derived in Sec. 2 of this paper. The strain energy release rate
is written in non-dimensional form by applying the formula Gn = G/ (Gip1 Ri).
Two three-layered non-linear viscoelastic cantilever beam configurations under
torsion are considered (the only difference between these configurations is the
location of the delamination crack). In the first beam configuration, delami-
nation is located between layers 1 and 2. In the second beam configuration,
delamination is between layers 2 and 3. It is assumed that [ = 0.400 m, R; =
0.010 m and v = 0.8 - 108 N-m/s.

The variation of the strain energy release rate with time is analysed by
performing calculations of the strain energy release rate at various time values.
The beam configuration with a delamination crack located between layers 2
and 3 is considered. Figure 3 shows the strain energy release rate variation
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F1G. 3. Variations of the strain energy release rate with time.

with time (the latter is expressed in non-dimensional form by formula ty =
tGrp1/Mip1). It can be observed that the strain energy release rate increases
with time (Fig. 3).

The effect of the continuous variation of o1 along the beam length in layer 1 is
also analysed. Both beam configurations (delamination between layers 1 and 2
and delamination between layers 2 and 3) are considered. The corresponding
results are shown in Fig. 4, where the strain energy release rate is plotted against
app1 /up1 ratio (this ratio characterizes the variation of ). In Fig. 4, one can
observe that the strain energy release rate decreases with increasing of a1 /agp1
ratio. Figure 4 also indicates that the strain energy release rate in the beam
configuration with delamination crack located between layers 2 and 3 is higher
than that in the configuration with delamination between layers 1 and 2. This
finding is attributed to the fact that when delamination is between layers 2
and 3 the stiffness of the outer crack arm is lower compared to the case when
delamination is located between layers 1 and 2.

0.12F \
G -6 1
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F1G. 4. Variations of the strain energy release rate with aup1/agpr ratio (curve 1 — for the
three-layered beam with delamination between layers 1 and 2, curve 2 — for the three-layered
beam with delamination between layers 2 and 3).
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Figure 5 depicts the strain energy release rate variation with nyp1/mkp1 ratio
at three a/l ratios. It should be mentioned that 71 /mkp1 and a/l ratios charac-
terize the variation of 7; in layer 1 along the beam length and the relative beam
length, respectively. The curves in Fig. 5 indicate that the strain energy release
rate decreases with increasing of 71 /mkp1 ratio. An increase of a/l ratio also
leads to a decrease of the strain energy release rate (Fig. 5).

Nbp1
Mip1

F1G. 5. Variations of the strain energy release rate with nyp1 /Mip1 ratio (curve 1 —at a/l = 0.3,
curve 2 — at a/l = 0.5, curve 3 — at a/l = 0.7).

The variation of the strain energy release rate with ngp2/Mkp1 and Nep3/Mipt
ratios is illustrated in Fig. 6. In Fig. 6, it is observed that the strain energy
release rate decreases with increasing of npa/Mkp1 and nrps/Mip1 ratios.

0.15-

v \
_G 1076 0.09- \

Gip1Ry

0.061

0.03-

0.0 0.5 1.5 2.0 2.5
M2
Hip1

F1G. 6. Variations of the strain energy release rate with nipa /nkp1 ratio (curve 1 — at Nips /Mkp1 =
0.5, curve 2 — at ngp3/Nrp1 = 1.5, curve 3 — at Nrps/Mep1 = 2.5).

The effect of the continuous variation of the shear modulus G along the
beam length in layer 1 on the strain energy release rate is shown in Fig. 7,
where the strain energy release rate is plotted against Gyp1/Grp1 ratio at three
speeds of torsion moment v. In Fig. 7, it can be observed that the strain energy
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F1G. 7. Variations of the strain energy release rate with Gpp1/Grp1 ratio (curve 1 — at
v=0.3-10"% N-m/s, curve 2 — at v = 0.6 - 107® N-m/s, curve 3 — at v = 0.8 - 10™° N -m/s).

release rate decreases with increasing Gyp1/Grp1 ratio. The increase of the speed
v leads to an increase of the strain energy release rate (Fig. 7).

Finally, the strain energy release rate is obtained assuming the linear vis-
coelastic behaviour of the beam member. For this purpose, 8; = 1 and m; =1
are substituted in the non-linear solution derived in Sec. 2 of this paper. This
follows from the fact that at 3; = 1 and m; = 1 the non-linear relationship (2.6)
transforms into 7x7; = a;YnLi, Which represents the constitutive law of a lin-
ear dashpot with the coefficient of viscosity «;, and, in this way, the non-linear
model depicted in Fig. 1 transforms into the linear viscoelastic model with a lin-
ear spring and two linear dashpots. The strain energy release rate derived using
both non-linear and linear solutions is plotted against Gyp2/Gpp1 ratio in Fig. 8.
In Fig. 8, the curves show that the strain energy release rate increases when non-
linear viscoelastic behaviour is assumed. Also, one can observe that the strain
energy release rate decreases with increasing of Gjpa/Gpp1 ratio.

L L | |
0.0 0.5 1.5 2.0 2.5

G
kal

F1G. 8. Variations of the strain energy release rate with Ggp2/Grp1 ratio (curve 1 — at linear
viscoelastic behaviour, curve 2 — at non-linear viscoelastic behaviour).
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4. CONCLUSION

A non-linear dashpot was added to a mechanical model consisting of a linear
spring mounted parallel to a linear dashpot in order to simulate the non-linear
viscoelastic behaviour of a multi-layered inhomogeneous cantilever beam mem-
ber of circular cross-section with a delamination crack. The beam was under
a torsion moment that increased at a constant speed. The non-linear dashpot in
the model obeyed a non-linear relationship between the shear stress and the rate
of the shear strain. The shear strain in the non-linear dashpot was obtained by
integrating the non-linear stress-strain relationship. The stress-strain-time con-
stitutive law of the model was found by adding the strain in the non-linear
dashpot to the strain in the linear spring and linear dashpot. The beam layers
are continuously inhomogeneous along the beam length. Therefore, the mate-
rial properties involved in the constitutive law of the model vary continuously
in the longitudinal direction. This constitutive law was applied to model the
time-dependent non-linear viscoelastic behaviour when deriving a solution of
the strain energy release rate for the delamination crack. Since the beam dis-
played non-linear viscoelastic behaviour, the strain energy release rate was found
by considering the complementary strain energy. The solution obtained is time-
dependent and takes into account the non-linear viscoelastic behaviour and the
torsion moment speed. A time-dependent non-linear solution of the strain en-
ergy release rate was also derived by analysing the balance of the energy with
considering the non-linear viscoelastic behaviour for verification. The variation
of the strain energy release rate with time was analysed. It is found that the
strain energy release rate increases with time. The effect of material inhomo-
geneity of the layers in the longitudinal direction on the strain energy release
rate was evaluated. It was ascertained that the strain energy release rate de-
creases with increasing of Qppl /ak)p17 nbpl/nkpla 77kp2/77kp17 nkp3/nkpl7 Gbpl/kah
and Gppa/Grp1 ratios. The increase of the speed of the torsion moment also
led to an increase of the strain energy release rate. The strain energy release
rate was also derived for the case of linear viscoelastic behaviour of the beam.
It was found that the non-linear viscoelastic behaviour leads to an increase of
the strain energy release rate.
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